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Vertebrates have repeatedly modified skeletal structures to adapt
to their environments. The threespine stickleback is an excellent system
for studying skeletal modifications, as different wild populations have
either increased or decreased the lengths of their prominent dorsal and
pelvic spines in different freshwater environments. Here we identify a
regulatory locus that has a major morphological effect on the length of
stickleback dorsal and pelvic spines, which we termMaser (major spine
enhancer). Maser maps in a closely linked supergene complex that
controls multiple armor, feeding, and behavioral traits on chromo-
some IV. Natural alleles in Maser are differentiated between ma-
rine and freshwater sticklebacks; however, alleles found among
freshwater populations are also differentiated, with distinct alleles
found in short- and long-spined freshwater populations. The distinct
freshwater alleles either increase or decrease expression of the bone
growth inhibitor gene Stanniocalcin2a in developing spines, provid-
ing a simple genetic mechanism for either increasing or decreasing
spine lengths in natural populations. Genomic surveys suggest many
recurrently differentiated loci in sticklebacks are similarly specialized
into three or more distinct alleles, providing multiple ancient standing
variants in particular genes that may contribute to a range of pheno-
types in different environments.
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Similar ecological conditions often result in parallel evolution
of the same phenotypic traits in independent populations (1–3).

However, ecological conditions typically vary in detail between
locations, leading to the evolution of interesting phenotypic differ-
ences among evolving populations (4, 5). The contrast between con-
vergence and divergence during adaptive radiations has contributed to
decades of work seeking to better understand the principles under-
lying evolution (6, 7).
The threespine stickleback (Gasterosteus aculeatus) provides

an opportunity to study the mechanisms that contribute to both
parallel and divergent evolution. Migratory marine stickleback
have been colonizing and adapting to new freshwater environ-
ments for millions of years, with the most recent wide-scale ra-
diation occurring in the countless new freshwater environments
generated by glacial recession since the last Ice Age, ∼12 Kya
(8). Newly derived freshwater populations typically evolve simi-
lar phenotypic changes, including reduced bony armor plates and
less robust spines. However, characteristic differences also evolve
repeatedly among populations in diverse freshwater environments.
Decades of work have analyzed the diverging ecological pressures
between lakes and streams (9), large and small lakes (10), ben-
thic and limnetic trophic niches within a lake (11), habitats with
different water chemistry and light environments (12), and pres-
ence or absence of different types of predators (13). Consequently,
freshwater stickleback exhibit exceptional phenotypic diversity,
including changes in body size, body shape, color, feeding struc-
tures, armor plates, and bony dorsal and pelvic spines (8). Despite

recent progress on the genetics of some stickleback traits, the
molecular mechanisms underlying many phenotypic specializa-
tions remain poorly understood.
A key unanswered question is whether diverse evolutionary

outcomes occur by modifying different genes in different environ-
ments or by modifying the same genes in different ways. Ancient
alleles have been identified at particular loci that allow rapid evo-
lution of common marine-freshwater differences by repeated se-
lection of standing variants that already preexist at low frequencies
in marine ancestors (14–18). Repeated fixation of preexisting var-
iants favors the reuse of not only the same gene, but also the same
freshwater haplotypes in derived populations that share traits.
However, it is still not clear whether the distinct phenotypes seen
among many freshwater populations are controlled by additional
alleles of the same loci that control common marine–freshwater
differences, by changes in additional loci, or both.
Phenotypic variability among different stickleback populations

is particularly pronounced in the dorsal and pelvic spines for which
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the species is named. Ossified spines are a key evolutionary in-
novation that spurred a massive radiation of acanthomorph fish,
the remarkably diverse fish group that contains about one-third
of all living vertebrate species (19, 20). Threespine stickleback
typically have three eponymous dorsal spines, but their length can
differ greatly among populations and some populations have more
than three while others have fewer than three (8, 21). Paired pelvic
fins or hindlimbs are found in both fish and tetrapods. In stick-
leback, the pelvic fin consists of one fin ray and a large, serrated,
locking pelvic spine that articulates with an underlying pelvis and
can be raised and lowered as a defense against predators (22). The
length of the pelvic spine varies dramatically among stickleback
populations, and is sometimes lost entirely (8, 21). Although the
Pitx1 locus has been identified as a major locus controlling major
reduction and even complete loss of the pelvic apparatus in stick-
leback (23, 24), the genes controlling quantitative variation in pelvic
spine length in pelvic-complete individuals are still largely unknown.
Based on the significance and diversity of dorsal and pelvic spine
phenotypes in Gasterosteus and other fish, we decided to further
investigate the genetic mechanisms underlying spine evolution and
development.

Results
Identification of a Triallelic Locus Associated with Dorsal and Pelvic
Spine Length. To identify novel loci controlling adaptations in
threespine stickleback, we measured dorsal spine 1 (DS1), dorsal
spine 2 (DS2), and pelvic spine (PS) length on 115 fish previously
used for whole-genome sequencing (18). These major spines vary
significantly in size among stickleback populations, including dif-
ferent freshwater populations (Fig. 1). Comparison of spine lengths
and genome sequences across these populations showed that vari-
ation in all three spines was strongly associated with a single 18-kb
region on chromosome IV (chrIV), 1.1 Mb downstream of the Eda
gene, which controls armor plate phenotypes (14). The spine length
region identified by genome association falls between the two ge-
netically indistinguishable peak markers for a major dorsal spine
length quantitative trait locus (QTL) identified by genetic mapping
in a previous marine by freshwater cross (25), and also within the

peak region controlling pelvic spine length reported in multiple
QTL analyses (23, 26, 27) (Fig. 1). We term this locus the MAjor
Spine EnhanceR, or Maser.
Principal component analysis (PCA) of genetic variation at

Maser identified three distinct clusters: short-spined freshwater
(Short), long-spined freshwater (Long), and marine (Marine), with
some heterozygous individuals between the clusters (SI Appendix,
Fig. S2A). To more finely assess the genetic differences between
these alleles, we PCR-amplified, cloned, and Sanger-sequenced
Maser from representative Short (Bear Paw Lake, Alaska), Long
(Mayer Lake, Haida Gwaii, British Columbia), and Marine (Rabbit
Slough, Alaska) populations. We then calculated base substitution
rates of 0.0148 between Long and Short, 0.0211 between Short and
Marine, and 0.0171 between Long and Marine. This supports a tree
topology with both of the freshwater alleles clustered together,
suggesting primary divergence of marine and freshwater alleles
followed by divergence of the Long and Short freshwater alleles
(Fig. 1B). A molecular clock calibration derived from divergence
between Japanese Marine and Japan Sea stickleback (14, 28) in-
dicates that the initial marine–freshwater divergence at this locus
occurred ∼2.75 Mya and that the Long and Short alleles diverged
∼2 Mya. Thus, all three alleles are orders-of-magnitude older than
the deglaciation events (∼14 to 5 Kya) that formed the young
freshwater habitats in which the Long and Short alleles are cur-
rently found (8).

Fine-Scale Association Mapping of Spine Enhancer. To further refine
the location of Maser, we performed additional whole-genome se-
quencing on multiple fish from Little Meadow Creek and Mata-
nuska Lake, two Alaskan populations that appeared to contain a
mixture of the Long and Short alleles based on the initial sequence
survey. Wild fish collected from these locations exhibited a dra-
matic range of spine lengths (Fig. 2 A and B). We measured the
length of the three dorsal spines, the anal spine, and the right pelvic
spine in 335 fish from Matanuska Lake and 359 fish from Little
Meadow Creek. We then selected 96 fish with extreme phenotypes
to sequence. We generated 12× average coverage for 24 with long
spines and 24 with short spines from each population and assessed

BA

C

Fig. 1. Identification of a triallelic major spine enhancer, Maser. (A) Genome-wide association mapping of first dorsal spine (DS1, blue trace), second dorsal
spine (DS2, purple trace), and pelvic spine (PS, orange trace) length identifies a major spine enhancer, Maser, that directly overlaps multiple previous QTL
mapping results [visualized here as bars: peak QTL intervals from a Japanese Marine × Paxton Benthic cross (23, 25) and a Little Campbell Marine × Enos
Benthic cross (27)]. (B) Imputed tree topology of the three Maser alleles and approximate divergence times, with X-rays of representative fish from pop-
ulations with the Marine (M) (Rabbit Slough), Long (L) (Mayer Lake), and Short (S) (Bear Paw Lake) alleles. (C) Distributions of DS1, DS2, and PS spine length
residuals by genotype at Maser.
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genotype–phenotype correlation at 2,646,960 variable sites in the
stickleback genome with an F-test and FastLMM (29). Both meth-
ods identified Maser as the region most significantly associated with
spine length. All SNPs in the genome with P values within three
orders-of-magnitude of the peak marker are either in or within 10 kb
of Maser (Fig. 2C).
To more sensitively examine the relationship between sequence

changes in Maser and spine length, we performed fine-scale asso-
ciation mapping on all 694 fish. After regressing on sex and stan-
dard body length, the residuals of DS1, DS2, and PS lengths within
each fish were highly correlated (R2 = 0.612, 0.471, 0.500), im-
plying a common regulatory mechanism for the major spines. A
24-kb region around Maser (chrIV:13950450 to 13973812 in gasAcu1-
4) includes 11 large structural variants, 3 TG-repeat arrays, and several
hundred SNPs and small indels (SI Appendix, Fig. S3). This expands
on the original 18-kb window to include a structural variation-rich
region with very low mappability for short-read sequencing. We
genotyped 13 markers located approximately every 2 kb across this
24-kb region (Dataset S5). In both populations, we observed a
highly robust association between the lengths of DS1, DS2, and
the PS with marker genotype, with a peak P value of 5.82e-34 for
combined major spine residuals across all fish (Fig. 2 D–F). In
contrast, we saw weaker association between genotype and length
of the much smaller anal spine and DS3, although still statistically
significant, suggesting that while the effect of this locus is partic-
ularly pronounced on the major spines, it is not limited to them

(SI Appendix, Fig. S4). At all markers, longer spines were associ-
ated with the sequence of the cloned Long allele.
Unlike a traditional F2 cross, association mapping in wild pop-

ulations can take advantage of potentially hundreds or thousands
of generations of recombination, facilitating fine genetic mapping.
We detected at least one recombination event in this 24-kb interval
in 606 of 694 fish (87.3%). We identified a 5-kb subregion begin-
ning at chrIV:13967840 as being the part of Maser most strongly
associated with the length of the major spines in both populations.
However, the genotype in this 5-kb subregion did not fully explain
the effects of Maser on spine length; controlling for genotype at
the most significant marker, a highly significant association be-
tween individual or summed spine length residuals and genotype
persisted at other markers within this region (SI Appendix, Figs.
S4 C–F and S5 C and F). Variations at multiple sites within
Maser probably contribute to its effects on spine length, which is
consistent with a growing body of work finding that evolved regu-
latory differences often reflect separate but tightly linked mutations
(30–34).
Notably, genotypes at Maser account for a substantial frac-

tion of overall spine length variance in Little Meadow Creek and
Matanuska Lake: 32.1% and 20.1%, respectively (Dataset S6). The
major phenotypic effect of the Maser region is thus comparable
in size to the percent variance explained (PVE) by the peak chrIV
locus in previous Marine × Short QTL mapping crosses of 25.5
PVE, 28.4 PVE, and 30.2 PVE for PS, DS1, and DS2, respectively
(25, 27).

A B

C

D E F

Fig. 2. Association mapping of major spine lengths in Little Meadow Creek and Matanuska Lake. (A and B) X-rays of short-spined (A) or long-spined (B) fish
from Little Meadow Creek. (C) Genome-wide association mapping of spine length after whole-genome sequencing of 96 stickleback with extreme spine
lengths from Little Meadow Creek and Matanuska Lake. The most strongly associated SNPs are all either in or immediately adjacent to Maser (pink). (D–F)
Association between spine length and genotype at 13 PCR-based markers tiled across Maser. The dashed red line represents an uncorrected P value of 0.01.
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Tissue-Specific Regulatory Changes in Stc2a. Maser maps in an
intergenic region and so may contain important regulatory DNA
sequences. To test for potential enhancer activity, we cloned the
Long, Short, and Marine Maser alleles upstream of a GFP re-
porter gene and injected the three reporter constructs separately
into fertilized stickleback embryos (Fig. 3A). The basal vector
alone drives GFP expression in the lens of the eye (35), allowing
for identification of successful transgenics by hatching. All three
constructs drove consistent expression in the developing pectoral
fins (PF), PS, and DS (Fig. 3 B–D). Clear GFP expression appeared
in the PF at 10 d postfertilization (dpf), in the emerging dorsal
spines at 20 dpf, and in the emerging pelvic spines at 30 dpf. Within
the spines, expression was observed along the length of the spine
and at the base (Fig. 3 C and D). Expression levels peaked in all
three tissues around 35 dpf, or 15-mm standard body length, before
slowly declining over the following 60 d. While there were no ob-
vious qualitative differences in the expression patterns driven by the
three different constructs, we note that quantitative changes in
expression levels would be difficult to detect by fluorescent microscopy
in transgenic fish.
To look for quantitative effects of the Maser region on the ex-

pression of endogenous stickleback genes, we used RNA-sequencing
(RNA-seq) of larvae generated by crossing fish with contrasting
Maser alleles. An unfertilized clutch of eggs from a representa-
tive Marine population (Rabbit Slough) was divided in half and
fertilized by sperm from either a Long spine population (Mayer
Lake) or a Short spine population (Bear Paw Lake). At 15-mm
standard body length, we dissected developing tissues from the
F1 hybrid larvae, and prepared RNA-seq libraries for 12 sets of
PS, 12 sets of DS, 6 pairs of PF, and 6 hearts from each cross. We
generated an average of 14.5 M 150-bp paired-end Illumina reads
for each library and aligned to gasAcu1-4 with STAR two-pass
mapping (36).
We hypothesized that a gene contributing to divergent spine

morphology would likely exhibit reciprocal allele-specific expres-
sion (ASE) differences between the two crosses, such as increased
freshwater expression relative to marine in the Long spine cross
and decreased freshwater expression relative to marine in the Short
spine cross, or vice versa. We further hypothesized that this dif-
ferential ASE would likely be tissue-specific, as in other known

examples of key regulatory changes underlying stickleback evo-
lutionary traits (15, 24, 37).
Maser is located in a gene-rich region near multiple candidate

loci with plausible roles in spine development (Fig. 4A), including:
Msx2a, a homeobox-containing transcription factor with known
roles in osteoblast differentiation and skeletal development (38,
39) and previously shown to undergo differential splicing be-
tween marine and freshwater stickleback (25); Stanniocalcin2a, a
secreted glycoprotein with autocrine or paracrine functions and a
potent inhibitor of bone growth (40); and Nkx2.5 (tinman in Dro-
sophila), a homeobox-containing transcription factor canonically
associated with heart development but recently shown to be co-
opted during emu limb development (41). Of these three can-
didate genes, our RNA-seq data showed that only Stannio-
calcin2a (Stc2a) was expressed at appreciable levels in the dorsal
and pelvic spines at this developmental stage (Fig. 4B).
Stc2a also fulfilled our other hypotheses by exhibiting reciprocal

ASE differences between the two crosses in the pelvic spines and
dorsal spines, but not in the PF or heart (Fig. 4C). Specifically,
after quantifying ASE with the GATK tool ASEReadCounter
(42), we find that in both the dorsal and pelvic spines the Short
allele is up-regulated 2.7-fold relative to Marine, while the Long
allele is down-regulated 1.8-fold relative to Marine (Dataset S7).
This represents a fivefold increase in expression of the Short
allele relative to the Long allele. The direction of change in the
two alleles is consistent with the literature reports of Stc2a func-
tioning as an inhibitor of bone growth. This difference is highly
statistically significant by both parametric and nonparametric tests
(P = 3.74e-9 by Mann–Whitney U test, P = 1.65e-28 by Fisher’s
exact test for chrIV:13943514). In contrast, in both control tissues,
there is no significant difference between the two freshwater
alleles and the trend is actually in the opposite direction, with slightly
higher expression from the Long allele relative to the Short.
None of the other genes near Maser display this reciprocal

ASE (Fig. 4D). In fact, the four SNPs in the entire genome-wide
dataset that best match our hypotheses for a gene controlling
spine length are all located within Stc2a (Fig. 4E). These SNPs are
distributed across the transcript and so do not reflect differential
splicing (SI Appendix, Fig. S6A). There are no amino acid differ-
ences between the Long and Short Stc2a transcripts, although

Marine, Short, or Long Maser allele hsp GFP
Tol2 Tol2

DS1
48 dpf

DS2
48 dpf

30 dpf

DS1

DS2

A

B C

D

Fig. 3. Transgenic expression reveals Maser activity in developing spines. (A) Overview of the injected constructs. (B) Earlier spine expression (30 dpf) was
concentrated along the dorsal midline, especially at the base of the spines (20× magnification). (C and D) At slightly later time points, the expression becomes
more concentrated in the spines themselves (lateral view, 40× magnification). Significant differences between the three constructs were not observed at any
time point.
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there are two nonsynonymous changes between Marine and both
freshwater alleles (SI Appendix, Fig. S6B).
Previous research suggests that Stc2a acts by inhibiting PAPPA-

mediated proteolytic release of bioactive IGF1 from its inactive
state bound to IGFBP4 (43). Gene ontology (GO) analysis of genes
differentially expressed between these two crosses yields significant
enrichments for terms consistent with IGF pathway activation,

including insulin receptor binding, calcium ion binding, gluconeo-
genesis, and skeletal system development (Dataset S8).
To further test the model that Stc2a activity influences stick-

leback spine lengths, we injected fertilized stickleback embryos
with Cas9 protein and CRISPR guides targeting Stc2a exons. The
injections induced a variety of mutations predicted to decrease
Stc2a function, and mosaic founder fish showed significant increases

A

B C

D E

Fig. 4. RNA analysis identifies Stc2a as target ofMaser. (A) Genomic context aroundMaser (red). Light blue rectangles represent nearby genes, while the two
purple circles are the top QTL markers for spine length (Stn235, Left, and Stn238, Right) (25). (B) Expression levels of all nearby genes in four different tissues.
The horizontal pink line marks the approximate threshold of our ability to analyze expression at this sequencing depth. Error bars are SD. (C) ASE of Stc2a at
chrIV:13943514 between Marine × Short (Short) and Marine × Long (Long). Significant differences between the Short cross and the Long cross are observed
only in the DS and PS (***P < 0.001), and trend in the opposite direction in both control tissues, PF, and heart. (D) Dorsal spine ASE of other genes in the
region. Results are similar for all genes in all other tissues. (E) All genome-wide SNPs analyzed for reciprocal differences in ASE in dorsal spines and pelvic
spines between the Short and Long crosses. SNPs with weak or discordant ASE in spines or significant ASE differences in control tissues are in light gray
(Materials and Methods). SNPs within Stc2a that pass these filters are highlighted in red.

A

B C

Fig. 5. The spine and armor plate supergene and other repeatedly differentiated regions feature reduction in recombination rate in threespine stickleback. (A)
An overview of the spine and armor plate supergene region on chrIV (scale in megabases). Most genes are in blue and genes linked to armor and spine changes
are in red. Repeatedly differentiated regions are shaded gray and Maser is shaded light purple. (B) Comparison of synteny and recombination rates between the
threespine stickleback (Gasterosteus) and its close relative the ninespine stickleback (Pungitius). The light blue bars denote the location of the spine and armor
supergene in both species (Eda to Stc2a). (C) A comparison across Gasterosteus, Pungitius, and other outgroup species of the genetic and physical sizes of the Eda-
Stc2a interval (denoted by circles), and whether recombination in this interval is increased or decreased (arrows) relative to the average genome-wide recom-
bination rate observed in each species (solid lines). Relatively decreased Eda2-Stc2a recombination is seen in Gasterosteus but not the outgroup species.
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in the length of DS1, DS2, and the PS (SI Appendix, Fig. S7). No
significant changes in length were seen for the smaller third dorsal
and anal spines, consistent with the reduced influence of Maser
genotypes on these smaller spines in association studies (SI Ap-
pendix, Fig. S4).

Recombination Rates in the Eda-Stc2a Region. The Maser-Stc2a re-
gion maps only 1.1 Mb from the major locus controlling armor
plate differences in threespine stickleback (Eda) (Fig. 5A) (14).
This interval contains many ecotypically differentiated genomic
sequences, and overlaps multiple major QTL that control armor,
feeding, and behavioral differences mapped in genetic crosses in
a “supergene” complex (44, 45). As tight genetic linkage between
multiple complementary but distinct loci and traits is a defining
characteristic of “supergenes” (46), we compared recombination
rates and synteny in threespine stickleback (Gasterosteus acu-
leatus) and closely related ninespine stickleback (Pungitius pun-
gitius), with yellow croaker (Larimichthys crocea) and Nile tilapia
(Oreochromis niloticus) as additional outgroups. Local gene order
is conserved between Gasterosteus and Pungitius in the Eda-Stc2a
region. However, threespine stickleback show a striking decrease
in genetic recombination rates in this region compared to nine-
spine stickleback (Fig. 5B) (47), yielding a local recombination
rate substantially below the genome-wide average in threespine
stickleback (Fig. 5C). In contrast, ninespine stickleback and both
outgroup species show higher recombination rates in the Eda-
Stc2a interval compared to genome-wide averages (Fig. 5C) (48,
49), suggesting the lowered recombination rate is a derived trait
in Gasterosteus.

Genomic Survey for Triallelic Differentiation in Stickleback. Several
previous studies have identified genomic sequences that show
prominent differentiation between most marine and freshwater
stickleback (16–18, 50, 51). Having identified multiple alleles at
Maser that are associated with contrasting phenotypes among dif-
ferent freshwater populations, we searched stickleback genome
sequences for other loci that also show triallelic differentiation
among diverse populations from the Pacific Northwest. We hy-
pothesized that other triallelic regions of the genome would share
two key properties we observe in Maser: significant variation along
multiple axes (not just a single marine versus freshwater axis) and
clustering of populations into three groups (not two, as expected
for simple marine–freshwater differentiation). To test this, we used
PCA to perform dimension reduction on sequence data from 69
populations in 2.5-kb windows tiled across the genome. We then
filtered for multiple axes of variation (substantial variation along
both PC1 and PC2), and improved clustering scores with three
rather than two clusters (Materials and Methods). This analysis
identifies 494 regions with triallelic properties similar to Maser
(median size 5 kb, 4.31 Mb total, 0.9% of genome) (Fig. 6 and
Datasets S2 and S3).
Triallelic loci typically have a single allele in marine populations

and two or more freshwater alleles that are not readily split by
geography. Many triallelic modules overlap regions of consistent
marine–freshwater differentiation [15 of 84 overlaps observed vs.
1 of 84 expected with 2% false-discovery rate loci (17), P <
0.00001], including previously characterized loci regulating ar-
mor plate development, Eda (14) and Gdf6 (33), and gill and
body pigmentation, Kitlg (15) (SI Appendix, Fig. S2 and Dataset
S11). Some triallelic loci exhibit significantly greater divergence
between contrasting freshwater alleles than between the marine
and freshwater alleles (SI Appendix, Fig. S2), indicating that the
primary axis of differentiation is associated with variation among
freshwater habitats rather than general marine–freshwater eco-
typic differentiation. As at Maser, triallelic loci are associated
with regions of reduced recombination in the genome (Fig. 6B).
Similarly, these reductions are likely to be derived in Gasterosteus,

with syntenic loci in Pungitius showing smaller differences in re-
combination rate (Fig. 6 B and C).
Triallelic regions are strongly enriched for genes with recip-

rocal changes in freshwater expression in our RNA-seq data (8 of
36 observed vs. 3 of 36 expected within 50 kb of triallelic region,
P = 0.0088). These reciprocally expressed genes are also strongly
enriched for a variety of immune categories including both class I
and class II MHC, interleukin and cytokine production, and re-
sponse to bacteria, viruses, and fungi that are likely to vary sub-
stantially among stickleback environments (Dataset S10) (52).

Discussion
Threespine stickleback are named for their prominent dorsal spines
and pelvic apparatus (Gasterosteus: bony stomach; aculeatus: prickly
thorns). Elevation and locking of the dorsal and pelvic spines sub-
stantially increases the cross-sectional area of stickleback and
helps protect body tissues against compressive and twisting forces
by gape-limited avian and fish predators (53, 54). Conversely, short
spines and reduced supporting armor may increase body flexibility
and minimize grasping surfaces used by macroinvertebrate preda-
tors (55). Ecological correlations and experimental tests suggest
that long and short spines are favored by different predation re-
gimes in different environments (53, 56–60). Here we identify a
genetic mechanism that can explain both increases and decreases
in spine length in stickleback populations, through multiple ancient

B C

A

Fig. 6. Triallelism is a common phenomenon. (A) Visualization of the mul-
tiple axes of variation in 2,500-bp windows across the genome. Maser, Eda,
Kitlg, and Gdf6 are typical of triallelic regions, with substantial variance
explained in both of the first two principal components (PC1 and PC2), and
improved clustering with three rather than two clusters (k = 3 gain) (SI
Appendix, Fig. S2). (B) Tiled 100-kb windows that overlap triallelic regions
(red) have significantly lower recombination rates than nontriallelic win-
dows (gray) in Gasterosteus (******P = 1.88e-11), while the syntenic regions
in Pungitius only differ slightly (**P = 0.011). Error bars are SEM. (C) Triallelic
regions across the genome have lower recombination rates in Gasterosteus
(relative to Pungitius) than nontriallelic regions (ratio of values in B, ****P =
1.01e-4).
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alleles in a major spine enhancer region located immediately
upstream of Stanniocalcin2a.
Previous studies confirm that stanniocalcin is a bidirectional

modulator of growth control in many species. Stc2 knockout mice
are 10 to 15% larger and grow faster than wild-type mice (61).
Conversely, transgenic mice overexpressing Stc2 are 45% smaller
(40). In humans, an exome-wide search for coding variants af-
fecting height found the single largest variant to be a rare missense
mutation reducing Stc2 activity, resulting in a 2.1-cm height in-
crease in heterozygous carriers (62). Finally, one of the strongest
predictors of overall size among dog breeds is a SNP 20 kb down-
stream of Stc2, where small dog breeds nearly universally feature
the derived allele (63). While this allele has not been functionally
characterized, it likely acts as a cis-regulatory element to increase
expression of Stc2 in a manner similar to Maser.
Genes with bidirectional “hypomorphic” and “hypermorphic”

alleles have long intrigued biologists (64, 65), and may be par-
ticularly good substrates for evolutionary change. Mechanistic
studies have shown that STC2 acts by modulating the local
availability of the growth factor IGF1, by serving as a competitive
inhibitor of a protease that is required to release IGF1 from the
binding protein IGFBP4 (43). The direction of effects we see in
stickleback are completely consistent with this mechanism. The
Short spine Maser allele increases stanniocalcin expression in de-
veloping spines (predicted to lead to decreased proteolysis of
IGBP4 and decreased IGF1 activity), while the Long spine allele
decreases stanniocalcin expression (predicted to lead to increased
proteolysis of IGBP4 and increased IGF1 activity). Similarly,
CRISPR-mediated loss of Stc2a increases stickleback spine lengths,
matching the direction expected from both our RNA expression
data and the mammalian literature. Notably, stanniocalcin acts as a
local rather than global modulator of IGF1 activity in previous
studies, changing growth in particular tissues without altering
circulating levels of IGF1 hormone in the bloodstream (40). Simi-
larly, Maser acts as a spine-specific enhancer of the stanniocalcin
gene (Figs. 3 and 4), providing an elegant mechanism for either
increasing or decreasing the local growth of dorsal and pelvic spines
relative to overall body size.
Spines work together with underlying basal bones, armor plates,

and pelvic structures to make a bony girdle surrounding the
middle of the stickleback body (54). Strikingly, the major genes
controlling different aspects of this bony girdle are tightly linked
with one another in a supergene complex on chrIV (25, 44),
including Eda, the major armor plate locus (14), and Msx2a, a
gene associated with reduced dorsal but not pelvic spine lengths
in many freshwater fish (25). Supergenes are clusters of linked
but separable functional genetic elements that control alternative
complex phenotypes in populations (46). Molecular studies show
supergenes may consist either of multiple regulatory elements
controlling a single developmental gene, tandem duplications of
structurally related genes, or aggregates of structurally diverse
genes that nonetheless influence traits that have related functions.
Identification of Maser and Stanniocalcin2a adds to emerging evi-
dence that a stickleback supergene complex on chrIV consists of
multiple distinct genes and regulatory sequences contributing to
linked, ecologically important traits.
Low recombination rates across the Eda-Stc2a supergene re-

gion appears to be a derived trait in Gasterosteus, with substan-
tially higher recombination rates seen across the same interval in
ninespine stickleback and other fishes. Local gene order is pre-
served in the Eda-Stc2a interval betweenGasterosteus and Pungitius,
suggesting the supergene has not been assembled by duplications or
translocation of new genes within the region. However, large-scale
rearrangements place the Eda-Stc2a region in the middle of chrIV
in Gasterosteus, where recombination rates are typically lower than
at chromosome ends, where they are located in Pungitius (Fig. 5B).
Further studies will be required to determine the mechanisms that
contribute to reduced recombination rates. On a broader phylogenetic

scale, we note that changes in the intergenic spacing ofMaser and
Stc2a have occurred in most spiny-rayed compared to soft-rayed
fishes (SI Appendix, Fig. S8). Such spacing changes may have con-
tributed to the emergence of the Maser-Stanniocalcin control mech-
anism in fishes with spiny fin rays, and to the overall evolutionary
success of the spiny-rayed acanthomorpha, which make up 85% of all
marine fish species (19, 20).
Many other regions of the stickleback genome show triallelic

differentiation patterns similar to those we find in the Maser
region. We speculate that these loci may represent additional
cases in which the same underlying gene is being used to control
multiple alternative phenotypes in different environments. In-
terestingly, triallelic loci include the Eda, Gdf6, and Kitlg genes,
previously shown to be major loci controlling armor plate num-
bers, armor plate sizes, and body pigmentation, respectively (14,
15, 33). We note that many aspects of skeletal armor and pig-
mentation vary both within and among freshwater populations,
including presence or absence of particular anterior plates, changes
in the shapes and overlaps of bony plates in populations with dif-
ferent spine phenotypes, and changes in body pigmentation in
environments with different water colors, competitors, and predators
(54, 60, 66–69). Triallelic differentiation is also seen at many stick-
leback immune loci, some of which also show evidence of reciprocal
up- and down-regulation in our genome-wide expression surveys of
different stickleback crosses. A key challenge for the future will be to
determine whether different alleles at these loci also control con-
trasting morphological, physiological, or immunological phenotypes.
Classic multiallelic polymorphic loci are known in other or-

ganisms, often associated with host–pathogen interactions, or
maintaining multiple defensive, sensory, or reproductive strategies
within a species (70–74). As in sticklebacks, additional multiallelic
loci are currently being uncovered as large-scale sequencing and
trait association studies localize multiple genotypes and pheno-
types to particular loci in the genome (75–77). Interestingly, some
of the best-characterized multiallelic polymorphisms in other or-
ganisms also appear to be ancient polymorphisms whose alterna-
tive alleles evolved long before the recent populations or species in
which they are currently found (71, 73, 75). Diversification of an-
cient standing variation into multiple specialized alleles may pro-
vide a common mechanism for adapting to a range of conditions,
making it possible to evolve many different phenotypes from a
smaller toolkit of key developmental loci.

Materials and Methods
Initial Identification of Maser. Fish collected from around the world were
measured with digital calipers for length of DS1, DS2, right PS, and standard
body length (Dataset S1). Missing or broken spines were excluded from all
analysis. After regression on standard body length, fish were divided into
quintiles for each spine and the first and last quintiles were compared at
SNPs across the genome. The associated genome sequences are available at
the Sequence Read Archive (accession no. PRJNA247503) and are more
thoroughly described by Marques et al. (50) and Roberts Kingman et al. (18).

PCR-Based Fine-Mapping Genotyping. From the cloned and sequenced Mayer
Lake and Bear Paw Maser alleles, 13 markers were designed to yield different-
sized bands on an agarose gel either immediately after PCR due to large
structural variations or after restriction digest at a SNP differing between the
two alleles. DNA was prepared for PCR analysis by phenol-chloroform ex-
traction for all samples. All samples were analyzed at all markers and sexed by
IDH genotyping as previously reported (78). See Datasets S4 and S9 for primer
sequences, PCR information, and restriction conditions.

Fine-Mapping Analysis. Samples for association mapping were collected on 1
June 2019 fromMatanuska Lake (61.553°N, 149.228°W and 61.554°N, 149.226°W)
and on 2 June 2019 from Little Meadow Creek (61.569°N, 149.569°W), anes-
thetized in Tricaine (Western Chemical, MS-222), and preserved in 90% ethanol.
Regressionwas performed against standard body length and sex. Sex is significant
in Matanuska Lake but not Little Meadow Creek. In the main text, 2007 and 2019
samples were regressed separately and then pooled and analyzed jointly for
clarity. The two time points do not differ from each other and the results are
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similar if they are instead analyzed separately. Genotype-phenotype asso-
ciation was tested at each marker by F-test.

Reference Genome. All coordinates and alignments are relative to reference
genome version gasAcu1-4 (18). See also https://datadryad.org/stash/dataset/
doi:10.5061/dryad.547d7wm6t for further resources on this reference version.

Whole-Genome Association Mapping. After regression on standard body
length, 24 fish with long spines and 24 with short spines were selected for
sequencing from both Little Meadow Creek and Matanuska Lake 2019
samples, for a total of 96 fish. An equal number of males and females were
sequenced from Little Meadow Creek, but only males were sequenced from
Matanuska Lake due to the observed sex effects in that population. Phenol-
chloroform extracted DNA samples were further purified through the
PureLink Genomic DNA Minikit (ThermoFisher #K182001). Libraries were
prepared with the Illumina Nextera DNA Flex kit with Unique Dual Indexes
following the manufacturer’s instructions (Illumina #20018705, Illumina
#20027213) and sequenced across four HiSeq 4000 lanes by the Novogene
Corporation, yielding 1,818 M 150-bp paired-end reads (12× average cov-
erage per sample). The reads were aligned to gasAcu1-4 using bwa mem and
variants called with GATK following its Best Practices. The called variants
were then tested for association with phenotype as described in the main
text.

RNA-Seq. One-half of a clutch of unfertilized eggs from a female Marine
stickleback (Rabbit Slough) was fertilized by frozen sperm from a Short
freshwater population (Bear Paw) and the other half fertilized by frozen
sperm from a Long freshwater population (Mayer Lake). At 35 dpf and
15-mm standard body length, fish were killed in Tricaine (Syndel, MS-222)
and dissected, alternating between crosses. The following tissues were dis-
sected: DS1 and DS2, in a single piece, including tissue between and just
underneath the spines; PS, in a single piece, including the pelvic girdle but
not the ascending process, and extremely minimal soft tissue; PF, left and
right, cut at their base and pooled; and heart (H).

After dissection, tissues were immediately placed in RNAlater (Thermo-
Fisher AM720) and stored at 4 °C overnight. The next morning, samples were
homogenized by FastPrep (0.25-inch ceramic spheres, MP #6540424, for PF,
DS, and PS; Lysing Matrix D, MP#116913050 for H), RNA extracted with the
NucleoSpin RNA XS kit (Takara #740902.5), and RNA stored at −80 °C until
library preparation. Libraries were prepared using the TruSeq Stranded
mRNA Library Prep kit with Unique Dual Indexes (Illumina #20020595, Illu-
mina #20022371), following the manufacturer’s instructions. For each cross,
12 DS libraries, 12 PS libraries, 6 PF libraries, and 6 H libraries were prepared,
for a total of 72 RNA-seq libraries. Due to differences in RNA yields between
tissue types, the following RNA input and PCR cycle counts were used: DS,
1,000 ng RNA, 10 cycles; PS, 500 ng RNA, 10 cycles; PF, 500 ng RNA, 10 cycles;
H, 50 ng RNA, 15 cycles. Samples from both crosses were interspersed at all
stages of RNA prep and library prep. Libraries were sequenced across two
HiSeq 4000 lanes by the Novogene Corporation, yielding a total of 1,011 M
150-bp paired end reads. One Long PS sample failed completely and one
Short PS sample yielded under 1 M reads; the other 70 libraries have a
median of 14.5 M reads.

Reads were aligned against gasAcu1-4 using STAR two-pass mapping (36)
guided by lifted Ensembl gene annotations. Base quality was adjusted and
variants called using GATK following its Best Practices. Shared variants for
analysis were identified by selecting bases where at least 20 of 24 fish have
at least three reads for each allele (minimum 5% of total reads), yielding
27,048 SNPs suitable for differential ASE analysis. At these sites, GATK
ASEReadCounter was used to retrieve read count for each allele in each
library.

RNA-Seq Differential ASE. Each of the 27,048 SNPs was analyzed by two
separatemethods for ASE between the two crosses in each of the four tissues.

First, we summed the reference reads and alternate reads within each cross
to create a 2 × 2 contingency table, which we analyzed with Fisher’s exact
test. Although we did not observe instances of more deeply sequenced
samples biasing the results, we down-sampled to the median read depth for
each cross and tissue to preclude this possibility.

Second, we took the log2 ratio of reference reads to alternate reads within
each sample, and then compared the log ratios of samples from the Marine ×
Long cross to those from the Marine × Short cross with the Mann–Whitney U
test. This combination of using read count only to calculate allelic ratios with a
nonparametric test yields highly conservative P values.

Spine Differential ASE Filter Criteria. To identify SNPs behaving as expected for
a gene controlling spine length, we used the following criteria: located in an
annotated exon; not extreme sequencing depth outlier (<5,000 reads); DS
and PS must both have significant differential ASE in the same direction
(Mann–Whitney U unadjusted P < 0.05 for both tissues); no differential ASE
in either control tissue (P > 0.05 and −1 < differential ASE < 1). SNPs failing
any of these criteria are colored in light gray in Fig. 4E.

Identification of Genes with Reciprocal Expression Patterns and Overlap with
Triallelic Genomic Regions. To identify SNPs with reciprocal expression pat-
terns in at least one tissue, regardless of relevance to spine development, we
used the following criteria: located in an annotated exon; not extreme se-
quencing depth outlier (<5,000 reads); and in at least one tissue, both
freshwater alleles are significantly differentially expressed relative to marine
(by binomial test) and to each other (by both Mann–Whitney U and Fisher’s
exact test, as above), and have at least a twofold change in expression be-
tween the two freshwater alleles. This yielded 220 SNPs in 134 genes, or 122
SNPs in 36 genes if requiring support from at least 2 SNPs per gene. All five
SNPs in Stc2a pass the above filters.

To test for enrichment near triallelic genomic regions that could be dif-
ferentially regulating their expression, we counted the number of these
reciprocal expression genes within 50 kb of the triallelic genomic regions and
compared against a reference distribution of 10,000 sets of randomly selected
genes. We found a statistically significant enrichment in the set of genes
supported by at least two SNPs (P = 0.0088) but not when only requiring
support from a single SNP (P = 0.14). Both stringencies yielded similar GO
enrichments (Dataset S10).

CRISPR Targeting and Fish Phenotyping. Six single-guide RNAs targeting Stc2a
were designed and synthesized as previously described (79), four targeting
exon 1 and two targeting exon 4 (Dataset S9). Injection mixes were prepared
with equal proportions of all six guides (300 ng/μL total concentration),
40 μM Cas9-nls protein (QB3 MacroLab, University of California, Berkeley),
and 0.5% Phenol Red in 10 mM Tris·HCl pH7.5. Two clutches of fertilized
stickleback embryos from Rabbit Slough were divided to produce roughly
equal numbers of uninjected controls and surviving injected embryos.

Six months postfertilization, fish were anesthetized in tricaine (MS-222,
one-third normal concentration, 0.1 g/L) and live-imaged by X-ray on a
Faxitron UltraFocus X-ray cabinet. X-ray images were anonymized and ran-
domized, then measured for length of DS1, DS2, DS3, anal spine, and PS, as
well as standard length. Fish over 40-mm standard length were analyzed in
SI Appendix, Fig. S7. Both clutches showed similar spine length patterns. All
measurements can be found in Dataset S12.

CRISPR Genotyping. To confirm the efficacy of the CRISPR injections, DNA was
collected from all injected and control fish by skin swab (80), followed by
phenol-chloroform purification. Small amplicons were PCR-amplified with
primers oGK1111/oGK1112 (exon 1) and oGK1115/oGK1116 (exon 4). Smeary
bands suggestive of highly mosaic frameshift mutations were observed by
agarose gel in approximately half of CRISPR-injected fish but no control fish.
We performed TOPO cloning (ThermoFisher K4575-01) and Sanger-sequencing
of individual colonies from several fish and confirmed the presence of a variety
of genetic lesions at single-guide RNA target sites in both exons, including
frameshift mutations, premature stop codons, and splice site alteration.
However, as not all injected fish showed evidence of mutations, and the
specific mutations and overall degree of mosaicism likely vary across tissues
and individuals (79), the results presented in SI Appendix, Fig. S7 should be
interpreted as a conservative lower-bound for the phenotypic effects of tar-
geting Stc2a in stickleback.

Triallelic Region Identification. The genome was divided into overlapping
2,500-bp windows with a 500-bp step, and each window was analyzed by
two methods. First, PCA was performed and the weighting of each axis was
calculated. Windows with PC2 ≥ 20 PVE and PC1 + PC2 ≥ 75 PVE were se-
lected as candidates, and any such windows within 10 kb were merged.
Second, k-means clustering was performed with k = 2 and k = 3, and the sum
s of average intracluster genetic distances was calculated. Windows
with >65% reduction in s for k = 3 and with >20% reduction resulting from
the transition from k = 2 to k = 3 were selected as candidates, and any such
windows within 5 kb were merged. These parameters were chosen based on
qualitative inspection to yield genomic regions approximately as triallelic as
Maser or more so. The intersect of both methods was taken for the final
triallelic call set (Dataset S2), which includes 494 regions spanning 4.3 Mb
(0.93% of genome).
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Animal Care. All animal studies were performed in accordance with the
recommendations in the Guide for the Care and Use of Laboratory Animals of
the National Institutes of Health (81). Stickleback experiments were per-
formed using protocols approved by the Institutional Animal Care and Use
Committee of Stanford University (IACUC protocol #13834), in animal facil-
ities accredited by the Association for Assessment and Accreditation of
Laboratory Animal Care International (AAALAC). Stickleback collected from
wild populations were sampled under collecting permits from the Alaska
Department of Fish and Game and killed under protocols approved by the
Institutional Animal Care and Use Committee of Stony Brook University
(IACUC protocol #2019-1354).

Data Availability.All data supporting the findings of this study are included in
the main text and SI Appendix or deposited in publicly available databases.
All whole-genome sequencing data from Little Meadow Creek and Mata-
nuska Lake are available at the Sequence Read Archive, https://www.ncbi.
nlm.nih.gov/sra (BioProject PRJNA681039) (82). All RNA-seq data are avail-
able at the Sequence Read Archive (BioProject PRJNA681136) (83). The

Sanger-derived Maser sequences have been submitted to GenBank (acces-
sion nos. MW308125 (84), MW308126 (85), and MW308127 (86) for Long,
Marine, and Short, respectively). Sequencing data from Marques et al. 2018
(50) and Roberts Kingman et al. 2021 (18) used here are available at the
Sequence Read Archive (BioProject PRJNA247503) (87). Any materials will be
made available upon request.

ACKNOWLEDGMENTS. We thank Kirsten Lindblad Toh, Federica DiPalma, and
many stickleback investigators involved in the wide-scale sequencing of
populations; Tom Reimchen for decades of inspiring research on stickleback
diversity and ecology in Haida Gwaii; Shannon Brady and Davis Kingsley for
additional organization and measurement of population samples; and Craig
Lowe, Eric Au, Julia Wucherpfennig, Ian Heller, Heidi Chen, Amy Herbert,
Kelsey Roberts Kingman, and all members of the D.M.K. laboratory for useful
discussion. This work was supported in part by NIH Grants 5P50HG002568 and
3P50HG2568-9S1 (to D.M.K.), R01GM124330 (to M.A.B.); and the National
Science Foundation NSF-GRFP (to G.A.R.K.). D.M.K. is an investigator of the
Howard Hughes Medical Institute.

1. D. N. Reznick, M. J. Butler IV, F. H. Rodd, P. Ross, Life-history evolution in guppies
(Poecilia reticulata) 6. Differential mortality as a mechanism for natural selection.
Evolution 50, 1651–1660 (1996).

2. R. B. Huey, G. W. Gilchrist, M. L. Carlson, D. Berrigan, L. Serra, Rapid evolution of a
geographic cline in size in an introduced fly. Science 287, 308–309 (2000).

3. D. Schluter, E. A. Clifford, M. Nemethy, J. S. McKinnon, Parallel evolution and in-
heritance of quantitative traits. Am. Nat. 163, 809–822 (2004).

4. D. Schluter, The Ecology of Adaptive Radiation (Oxford University Press, 2000).
5. P. R. Grant, B. R. Grant, Unpredictable evolution in a 30-year study of Darwin’s

finches. Science 296, 707–711 (2002).
6. J. B. S. Haldane, The Causes of Evolution (Princeton University Press, 1932).
7. J. B. Losos, Adaptive radiation, ecological opportunity, and evolutionary determinism.

American Society of Naturalists E. O. Wilson award address. Am. Nat. 175, 623–639
(2010).

8. M. A. Bell, S. A. Foster, Eds., The Evolutionary Biology of the Threespine Stickleback
(Oxford University Press, 1994).

9. T. E. Reimchen, E. M. Stinson, J. S. Nelson, Multivariate differentiation of parapatric
and allopatric populations of threespine stickleback in the Sangan River watershed,
Queen Charlotte Islands. Can. J. Zool. 63, 2944–2951 (1985).

10. D. I. Bolnick, O. L. Lau, Predictable patterns of disruptive selection in stickleback in
postglacial lakes. Am. Nat. 172, 1–11 (2008).

11. J. J. Willacker, F. A. von Hippel, P. R. Wilton, K. M. Walton, Classification of threespine
stickleback along the benthic-limnetic axis. Biol. J. Linn. Soc. Lond. 101, 595–608
(2010).

12. N. Giles, The possible role of environmental calcum levels during the evolution of
phenotypic diversity in Outer Hebridean populations of the three-spined stickleback,
Gasterosteus aculeatus. J. Zool. 199, 535–544 (1983).

13. T. E. Reimchen, Predator-induced cyclical changes in lateral plate frequencies of
Gasterosteus. Behaviour 132, 1079–1094 (1995).

14. P. F. Colosimo et al., Widespread parallel evolution in sticklebacks by repeated fixa-
tion of Ectodysplasin alleles. Science 307, 1928–1933 (2005).

15. C. T. Miller et al., cis-Regulatory changes in Kit ligand expression and parallel evo-
lution of pigmentation in sticklebacks and humans. Cell 131, 1179–1189 (2007).

16. P. A. Hohenlohe et al., Population genomics of parallel adaptation in threespine
stickleback using sequenced RAD tags. PLoS Genet. 6, e1000862 (2010).

17. F. C. Jones et al.; Broad Institute Genome Sequencing Platform & Whole Genome
Assembly Team, The genomic basis of adaptive evolution in threespine sticklebacks.
Nature 484, 55–61 (2012).

18. G. A. Roberts Kingman et al., Predicting future from past: The genomic basis of re-
current and rapid stickleback evolution. Sci. Adv. 7, eabg5285 (2021).

19. T. J. Near et al., Resolution of ray-finned fish phylogeny and timing of diversification.
Proc. Natl. Acad. Sci. U.S.A. 109, 13698–13703 (2012).

20. P. C. Wainwright, S. J. Longo, Functional innovations and the conquest of the oceans
by acanthomorph fishes. Curr. Biol. 27, R550–R557 (2017).

21. H. P. Gross, Natural selection by predators on the defensive apparatus of the three-
spined stickleback, Gasterosteus aculeatus L. Can. J. Zool. 56, 398–413 (1978).

22. R. D. Hoogland, On the fixing-mechanism in the spines of Gasterosteus aculeatus L.
Proc. Kominsklijke Nederlandse Acad. Wetenschappen C54, 171–180 (1951).

23. M. D. Shapiro et al., Genetic and developmental basis of evolutionary pelvic reduction
in threespine sticklebacks. Nature 428, 717–723 (2004).

24. Y. F. Chan et al., Adaptive evolution of pelvic reduction in sticklebacks by recurrent
deletion of a Pitx1 enhancer. Science 327, 302–305 (2010).

25. T. R. Howes, B. R. Summers, D. M. Kingsley, Dorsal spine evolution in threespine
sticklebacks via a splicing change in MSX2A. BMC Biol. 15, 115 (2017).

26. S. M. Rogers et al., Genetic signature of adaptive peak shift in threespine stickleback.
Evolution 66, 2439–2450 (2012).

27. P. A. Erickson et al., Partially repeatable genetic basis of benthic adaptation in
threespine sticklebacks. Evolution 70, 887–902 (2016).

28. M. Higuchi, A. Goto, Genetic evidence supporting the existence of two distinct species
in the genus Gasterosteus around Japan. Environ. Biol. Fishes 47, 1–16 (1996).

29. C. Lippert et al., FaST linear mixed models for genome-wide association studies. Nat.
Methods 8, 833–835 (2011).

30. N. Gompel, B. Prud’homme, P. J. Wittkopp, V. A. Kassner, S. B. Carroll, Chance caught
on the wing: cis-regulatory evolution and the origin of pigment patterns in Dro-
sophila. Nature 433, 481–487 (2005).

31. Z. D. Blount, J. E. Barrick, C. J. Davidson, R. E. Lenski, Genomic analysis of a key in-
novation in an experimental Escherichia coli population. Nature 489, 513–518 (2012).

32. C. R. Linnen et al., Adaptive evolution of multiple traits through multiple mutations
at a single gene. Science 339, 1312–1316 (2013).

33. V. B. Indjeian et al., Evolving new skeletal traits by cis-regulatory changes in bone
morphogenetic proteins. Cell 164, 45–56 (2016).

34. S. L. Archambeault, L. R. Bärtschi, A. D. Merminod, C. L. Peichel, Adaptation via
pleiotropy and linkage: Association mapping reveals a complex genetic architecture
within the stickleback Eda locus. Evol. Lett. 4, 282–301 (2020).

35. S. Nagayoshi et al., Insertional mutagenesis by the Tol2 transposon-mediated en-
hancer trap approach generated mutations in two developmental genes: tcf7 and
synembryn-like. Development 135, 159–169 (2008).

36. A. Dobin et al., STAR: Ultrafast universal RNA-seq aligner. Bioinformatics 29, 15–21
(2013).

37. N. M. O’Brown, B. R. Summers, F. C. Jones, S. D. Brady, D. M. Kingsley, A recurrent
regulatory change underlying altered expression and Wnt response of the stickleback
armor plates gene EDA. eLife 4, e05290 (2015).

38. J. Winograd et al., Perinatal lethality and multiple craniofacial malformations in
MSX2 transgenic mice. Hum. Mol. Genet. 6, 369–379 (1997).

39. I. Satokata et al., Msx2 deficiency in mice causes pleiotropic defects in bone growth
and ectodermal organ formation. Nat. Genet. 24, 391–395 (2000).

40. A. D. Gagliardi, E. Y. W. Kuo, S. Raulic, G. F. Wagner, G. E. DiMattia, Human
stanniocalcin-2 exhibits potent growth-suppressive properties in transgenic mice in-
dependently of growth hormone and IGFs. Am. J. Physiol. Endocrinol. Metab. 288,
E92–E105 (2005).

41. P. G. Farlie et al., Co-option of the cardiac transcription factor Nkx2.5 during devel-
opment of the emu wing. Nat. Commun. 8, 132 (2017).

42. S. E. Castel, A. Levy-Moonshine, P. Mohammadi, E. Banks, T. Lappalainen, Tools and
best practices for data processing in allelic expression analysis. Genome Biol. 16, 195
(2015).

43. M. R. Jepsen et al., Stanniocalcin-2 inhibits mammalian growth by proteolytic inhi-
bition of the insulin-like growth factor axis. J. Biol. Chem. 290, 3430–3439 (2015).

44. C. T. Miller et al., Modular skeletal evolution in sticklebacks is controlled by additive
and clustered quantitative trait Loci. Genetics 197, 405–420 (2014).

45. C. L. Peichel, D. A. Marques, The genetic and molecular architecture of phenotypic
diversity in sticklebacks. Philos. Trans. R. Soc. Lond. B Biol. Sci. 372, 20150486 (2017).

46. M. J. Thompson, C. D. Jiggins, Supergenes and their role in evolution. Heredity 113,
1–8 (2014).

47. S. Varadharajan et al., A high-quality assembly of the nine-spined stickleback (Pun-
gitius pungitius) genome. Genome Biol. Evol. 11, 3291–3308 (2019).

48. R. Joshi et al., Development and validation of 58K SNP-array and high-density linkage
map in Nile tilapia (O. niloticus). Front. Genet. 9, 472 (2018).

49. S. Kong et al., Constructing a high-density genetic linkage map for large yellow
croaker (Larimichthys crocea) and mapping resistance trait against ciliate parasite
Cryptocaryon irritans. Mar. Biotechnol. (NY) 21, 262–275 (2019).

50. D. A. Marques, F. C. Jones, F. Di Palma, D. M. Kingsley, T. E. Reimchen, Experimental
evidence for rapid genomic adaptation to a new niche in an adaptive radiation. Nat.
Ecol. Evol. 2, 1128–1138 (2018).

51. M. Roesti, S. Gavrilets, A. P. Hendry, W. Salzburger, D. Berner, The genomic signature
of parallel adaptation from shared genetic variation. Mol. Ecol. 23, 3944–3956 (2014).

52. A. D. C. MacColl, Parasite burdens differ between sympatric three-spined stickleback
species. Ecography 32, 153–160 (2009).

53. D. Morris, N. Tinbergen, R. Hoogland, The spines of sticklebacks (Gasterosteus and
Pygosteus) as means of defence against predators (Perca and Esox). Behaviour 10,
205–236 (1956).

54. T. E. Reimchen, Structural relationships between spines and lateral plates in three-
spine stickleback (Gasterosteus aculeatus). Evolution 37, 931–946 (1983).

55. T. E. Reimchen, Spine deficiency and polymorphism in a population of Gasterosteus
aculeatus: An adaptation to predators? Can. J. Zool. 58, 1232–1244 (1980).

Roberts Kingman et al. PNAS | 9 of 10
Longer or shorter spines: Reciprocal trait evolution in stickleback via triallelic regulatory
changes in Stanniocalcin2a

https://doi.org/10.1073/pnas.2100694118

EV
O
LU

TI
O
N

https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2100694118/-/DCSupplemental
https://www.ncbi.nlm.nih.gov/sra
https://www.ncbi.nlm.nih.gov/sra
https://www.ncbi.nlm.nih.gov/bioproject/PRJNA681039
https://www.ncbi.nlm.nih.gov/bioproject/PRJNA681136
https://www.ncbi.nlm.nih.gov/nuccore/MW308125
https://www.ncbi.nlm.nih.gov/nuccore/MW308126
https://www.ncbi.nlm.nih.gov/nuccore/MW308127
https://www.ncbi.nlm.nih.gov/bioproject/PRJNA247503/
https://doi.org/10.1073/pnas.2100694118


56. D. W. Hagen, L. G. Gilbertson, Geographic variation and environmental selection in
Gasterosteus aculeatus L. in the Pacific Northwest, America. Evolution 26, 32–51
(1972).

57. T. E. Reimchen, P. Nosil, Temporal variation in divergent selection on spine number in
threespine stickleback. Evolution 56, 2472–2483 (2002).

58. T. E. Reimchen, P. Nosil, Variable predation regimes predict the evolution of sexual
dimorphism in a population of threespine stickleback. Evolution 58, 1274–1281
(2004).

59. K. B. Marchinko, Predation’s role in repeated phenotypic and genetic divergence of
armor in threespine stickleback. Evolution 63, 127–138 (2009).

60. T. E. Reimchen, C. Bergstrom, P. Nosil, Natural selection and the adaptive radiation of
Haida Gwaii stickleback. Evol. Ecol. Res. 15, 241–269 (2013).

61. A. C.-M. Chang et al., The murine stanniocalcin 2 gene is a negative regulator of
postnatal growth. Endocrinology 149, 2403–2410 (2008).

62. E. Marouli et al.; EPIC-InterAct Consortium; CHD Exome+ Consortium; ExomeBP
Consortium; T2D-Genes Consortium; GoT2D Genes Consortium; Global Lipids Genetics
Consortium; ReproGen Consortium; MAGIC Investigators, Rare and low-frequency
coding variants alter human adult height. Nature 542, 186–190 (2017).

63. M. Rimbault et al., Derived variants at six genes explain nearly half of size reduction
in dog breeds. Genome Res. 23, 1985–1995 (2013).

64. J. H. Muller, Further studies on the nature and causes of gene mutations. Proc. Sixth
Int. Cong. Genet., Ithaca, New York, USA 1, 213–255 (1932).

65. G. Prelich, Gene overexpression: Uses, mechanisms, and interpretation. Genetics 190,
841–854 (2012).

66. J. D. McPhail, Predation and the evolution of a stickleback (Gasterosteus). J. Fish. Res.
Board Can. 26, 3183–3208 (1969).

67. G. E. E. Moodie, Predation, natural selection and adaptation in an unusual threespine
stickleback. Heredity 28, 155–167 (1972).

68. G. E. E. Moodie, Morphology, life history, and ecology of an unusual stickleback
(Gasterosteus aculeatus) in the Queen Charlotte Islands, Canada. Can. J. Zool. 50,
721–732 (1972).

69. J. W. Boughman, Divergent sexual selection enhances reproductive isolation in
sticklebacks. Nature 411, 944–948 (2001).

70. B. Sinervo, C. M. Lively, The rock–paper–scissors game and the evolution of alternative
male strategies. Nature 380, 240–243 (1996).

71. J. Klein, A. Sato, S. Nagl, C. O’hUigín, Molecular trans-species polymorphism. Annu.
Rev. Ecol. Syst. 29, 1–21 (1998).

72. E. A. Stahl, G. Dwyer, R. Mauricio, M. Kreitman, J. Bergelson, Dynamics of disease
resistance polymorphism at the Rpm1 locus of Arabidopsis. Nature 400, 667–671
(1999).

73. S. Boissinot et al., Origins and antiquity of X-linked triallelic color vision systems in
New World monkeys. Proc. Natl. Acad. Sci. U.S.A. 95, 13749–13754 (1998).

74. M. Chouteau, V. Llaurens, F. Piron-Prunier, M. Joron, Polymorphism at a mimicry
supergene maintained by opposing frequency-dependent selection pressures. Proc.
Natl. Acad. Sci. U.S.A. 114, 8325–8329 (2017).

75. E. M. Leffler et al., Multiple instances of ancient balancing selection shared between
humans and chimpanzees. Science 339, 1578–1582 (2013).

76. C. Phillips et al., A compilation of tri-allelic SNPs from 1000 Genomes and use of the
most polymorphic loci for a large-scale human identification panel. Forensic Sci. Int.
Genet. 46, 102232 (2020).

77. L. Paternoster et al., Genome-wide association meta-analysis of cortical bone mineral
density unravels allelic heterogeneity at the RANKL locus and potential pleiotropic
effects on bone. PLoS Genet. 6, e1001217 (2010).

78. C. L. Peichel et al., The master sex-determination locus in threespine sticklebacks is on
a nascent Y chromosome. Curr. Biol. 14, 1416–1424 (2004).

79. J. I. Wucherpfennig, C. T. Miller, D. M. Kingsley, Efficient CRISPR-Cas9 editing of major
evolutionary loci in sticklebacks. Evol. Ecol. Res. 20, 107–132 (2019).

80. C. Breacker, I. Barber, W. H. J. Norton, J. R. McDearmid, C. A. Tilley, A low-cost method
of skin swabbing for the collection of DNA samples from small laboratory fish. Ze-
brafish 14, 35–41 (2017).

81. National Research Council, Guide for the Care and Use of Laboratory Animals (Na-
tional Academies Press, Washington, DC, ed. 8, 2011).

82. G. A. Roberts Kingman et al., Spine length association sequencing of threespine
stickleback. Sequence Read Archive. https://www.ncbi.nlm.nih.gov/bioproject/PRJNA681039.
Deposited 17 October 2020.

83. G. A. Roberts Kingman et al., Allele-specific RNA-seq spine data. Sequence Read Ar-
chive. https://www.ncbi.nlm.nih.gov/bioproject/PRJNA681136. Deposited 26 Novem-
ber 2020.

84. G. A. Roberts Kingman et al., Gasterosteus aculeatus major spine enhancer freshwater
Long spine allele genomic sequence. GenBank. https://www.ncbi.nlm.nih.gov/nuccore/
MW308125. Deposited 27 November 2020.

85. G. A. Roberts Kingman et al., Gasterosteus aculeatus major spine enhancer Marine
spine allele genomic sequence. GenBank. https://www.ncbi.nlm.nih.gov/nuccore/
MW308126. Deposited 27 November 2020.

86. G. A. Roberts Kingman et al., Gasterosteus aculeatus major spine enhancer freshwater
Short spine allele genomic sequence. GenBank. https://www.ncbi.nlm.nih.gov/nuc-
core/MW308127. Deposited 27 November 2020.

87. F. C. Jones, S. D. Brady, D. M. Kingsley, WGS sequencing of a large number of
Threespined Stickleback populations. Sequence Read Archive. Deposited 14 May
2014.

10 of 10 | PNAS Roberts Kingman et al.
https://doi.org/10.1073/pnas.2100694118 Longer or shorter spines: Reciprocal trait evolution in stickleback via triallelic regulatory

changes in Stanniocalcin2a

https://www.ncbi.nlm.nih.gov/bioproject/PRJNA681039
https://www.ncbi.nlm.nih.gov/bioproject/PRJNA681136
https://www.ncbi.nlm.nih.gov/nuccore/MW308125
https://www.ncbi.nlm.nih.gov/nuccore/MW308125
https://www.ncbi.nlm.nih.gov/nuccore/MW308126
https://www.ncbi.nlm.nih.gov/nuccore/MW308126
https://www.ncbi.nlm.nih.gov/nuccore/MW308127
https://www.ncbi.nlm.nih.gov/nuccore/MW308127
https://doi.org/10.1073/pnas.2100694118

